Abstract. We report preliminary experiences using fMRI triggered by EEG to localize the site of interictal epileptiform activity. EEG was recorded in the scanner and monitored on-line; the recording quality was good enough to allow the clear identification of spikes in the EEG. Snap-shot EPI was performed 2-4 s after an epileptiform discharge ('spike') or after at least 10 s of background activity ('rest') was observed. A pixel-by-pixel t-test was performed between the 'rest' and the 'spike' images to determine areas of significant activation. Significant activation was obtained in a patient with epilepsy. To assess the reliability and reproducibility of the technique, the patient was scanned on four separate occasions with similar areas being activated in all the studies, confirming the validity of the result.
Introduction
For more than 50 years, the detection of interictal spikes in the scalp EEG has been the mainstay for diagnosing the type of epilepsy. Neither EEG or more recently magnetoencephalography directly identify the underlying generators of these events. This is due to the so-called 'inverse problem', for which there is never a unique solution, of working back from distant scalp potentials to hypothesize the likely sites of the generators. Furthermore, the restricted spatial sampling of EEG provides at best limited information about the interrelation of different cerebral structures.
Functional magnetic resonance imaging (fMRI) has been shown to confirm the activation of appropriate cerebral structures in a range of physiological paradigms involving motor, auditory and visual function (Belliveau et al 1991 , Kwong et al 1992 . Previous studies have indicated that clinical (Jackson et al 1994) or subclinical (Detre et al 1995) seizures occurring during an extended run of gradient-echo images can cause localized intensity changes which may reflect epileptic activity. The ability to record EEG in the MRI scanner (Ives et al 1993) , allowed the triggered acquisition of ultrafast fMRI images (Warach et al 1996) following the observation of specific EEG events. This was an important step forward, because recording seizures during fMRI often presents insurmountable clinical and technical difficulties. In contrast, spikes are more frequent and do not have clinical correlates, in particular motion, which can compromise fMRI quality. Knowledge of the generators of interictal spikes may provide important information for understanding the underlying pathogenetic mechanisms and planning surgical treatment of patients. Hence, we have developed a technique for the safe concurrent recording of EEG and fMRI (Lemieux et al 1997) and we report here preliminary results of its application (Symms et al 1998) .
Materials and methods

Patient
Informed written consent was obtained from the patient before the study which was approved by the ethics committee at the National Hospital for Neurology and Neurosurgery. The patient was a 47-year-old female with a seven year history of intractable chronic encephalitis in the left hemisphere. She had simple and complex partial seizures, with occasional secondary generalization. Her EEG showed frequent spike waves, maximum in the left temporal region at electrode T3. Conventional MRI showed no focal abnormalities. Electrocorticography, performed during a multiple subpial transection procedure, showed large spikes maximal in the left perisylvian (centrotemporal) region.
EEG
EEG was recorded in the MR scanner using the Neurolink System (Physiometrix, MA, USA), with a non-ferrous EEG headbox and a digital EEG recording system (sample rate 200 Hz, bandwidth 0.12 to 50 Hz) developed in-house. Current-limiting resistors (15 k ) were fitted adjacent to each electrode lead as an essential part of our patient safety protocol for recording EEG in the scanner (Lemieux et al 1997) . For each study, 12 Ag/AgCl electrodes were applied to the scalp positions FP1/FP2, F7/F8, T3/T4, T5/T6 O1/O2, Fz and Pz (reference) according to the 10/20 system using collodion and the EEG data were digitally remontaged to show bitemporal chains.
EEG spikes and rest periods were detected by visual inspection, and fMRI acquisitions were triggered manually. The activation state was defined as a stereotyped epileptiform discharge (spike or spike wave) and the rest state was defined as at least 10 s without a spike. Occasionally a spike occurred in the 2-3 s delay between the EEG reviewer identifying a rest period and the start of EPI acquisition. These images were excluded from the fMRI analysis.
fMRI
FMRI was performed on a 1.5 T Horizon EchoSpeed MRI scanner (General Electric, Milwaukee, USA) using snapshot gradient-echo echo-planar imaging (EPI) (TE = 40 ms, 24 cm field of view, 96 × 96 or 64 × 64 matrix). In each study we attempted to acquire equal numbers of rest and activation states, distributed evenly across the examination period. Other studies have used at least 40 activations (Warach et al 1996) . Our scanner database limits the total number of images acquired on-line in a series to 999 so a compromise between adequate brain coverage (number of slices) and signal/noise (number of averages) was sought. For the first three studies we used a 10-slice acquisition, aiming to obtain 45 activated and 45 rest states. Contiguous 5 mm slices with an acquisition matrix of 96 × 96 were acquired in 3.5 s in either axial, coronal or oblique orientations. For the final study, in-plane resolution was
Interictal EEG-triggered fMRI N163 reduced in order to allow a fuller brain coverage: 20 5 mm contiguous slices being acquired with a 64 × 64 acquisition matrix in 4.5 s in an oblique axial orientation.
The patient's head was held in place by side pads and a head-strap. More elaborate forms of restraint were found to be impractical due to the presence of the EEG electrodes and leads.
To ensure an immediate response the gradient waveforms were first downloaded using the scanner's 'Prep for Scan' facility. Readiness was then indicated to the EEG reviewer who, upon seeing a suitable spike or rest period, would cue the scanner operator to start the acquisition. This gave a reproducible delay period between the spike occurrence and the start of the EPI acquisition. For the first three studies this delay had a mean of 2.3 s with a standard deviation of 0.5 s. An extra delay of 1 s was added to the start of the sequence for the final 20-slice study.
The standard General Electric EPI sequence was modified to add a 'dead time' to the end of the TR period during which no further data acquisition could take place. This allowed the NMR spins to return to equilibrium so that each acquisition would have the same T1-weighting regardless of the rate of spike occurrence. A dead time of 8 s (first three studies) or 15 s (final study) was used.
The patient was studied four times, the first time axially and then two weeks later both axially and coronally. By comparing the respective sagittal localizers, the slices for the second axial study were prescribed as similarly as possible to the first axial study. The coronal scan was prescribed to pass through the areas of activation that had previously been detected on the first axial scan. Apart from orientation, the first three studies were performed with identical parameters in order to obtain an idea of the technique's reproducibility. Once the data from the three studies had been reviewed, the acquisition parameters were optimized for the final study which had almost full-brain (20 slices) coverage.
fMRI processing
Using rigid-body three-dimensional registration, motion correction was performed and global trends in the data were removed with software described elsewhere (Bullmore et al 1996) . The Stimulate package (Strupp 1996) was then used to perform a t-test between the rest and activated images on a pixel-by-pixel basis to determine significantly activated pixels. To improve statistical power and reduce the chance of false positives, the assumption was made that areas of true neural activity will tend to produce signal changes over contiguous pixels (Forman et al 1995) . Monte Carlo simulations were performed using the AlphaSim program from the AFNI package (Analysis of Functional NeuroImages, Medical College of Wisconsin) to estimate the probability of a false detection in the images for a given individual voxel probability threshold and cluster size. To reduce the chance of a false positive detection to around 1 in 20, these simulations indicated a probability threshold of 0.05 and an in-plane cluster size of 7 pixels (123 µl) for the first three studies, and a probability threshold of 0.005 and an in-plane cluster size of 3 pixels (211 µl) for the final study. These thresholds and cluster sizes were applied to the data using the t-test and cluster functions respectively in Stimulate.
Results
EEG
In all four studies, between 40 and 45 spike and rest states were obtained. The typical study duration (from commencement of localizing prescan to completion of study) was 90 min. Spike and rest states were clearly recognizable in all studies. Approximately 5% of fMRI acquisitions in each study were subsequently judged to satisfy neither spike nor rest criteria and were excluded from the fMRI analysis. Typical examples of spike and rest events used to trigger the fMRI acquisition are shown in figure 1. The four large discharges at the end of the trace are artefacts caused by the echo-planar image acquisition. Spikes recorded inside the scanner had a similar localization, amplitude and configuration as in previous recordings under routine conditions. During the rest state, the EEG showed diffuse slow activity over the left hemisphere without epileptiform discharges.
fMRI
The EEG electrodes caused minor distortions to the echo-planar images, giving rise to small localized signal drop-out and geometric distortions which occasionally intruded into the cortex. The EEG monitoring apparatus did not otherwise degrade the overall signal/noise of the EPI data.
The fMRI results are displayed in figures 2 and 3. Areas of significant activation are overlaid in red corresponding to the expected increase in signal during 'spike' acquisitions. Most activations showed a percentage signal change of 3-4%. Before clustering was applied there were several small areas of activation in various anatomical regions. After clustering, activation was only consistently seen in the left temporal lobe, and this was reproduced in all four studies. This area was consistent with that indicated as the source of the EEG spikes by electrocorticography. Some activations outside the temporal lobe were also observed but these were never reproducibly activated across studies and were usually associated with areas of CSF. . fMRI results from the other studies. The first two images of the top row are slices 4 and 6 from the second study, three slices from the coronal study are shown in the last three images of the first row. The bottom row shows five contiguous slices from the 20-slice study. In all studies, activation can be seen in the left temporal lobe. Figure 2 shows the activation maps for all 10 slices acquired in the first axial study; activations can be seen in the temporal lobe on slices 4 and 6. The activation in the frontal lobe on slice 10 was not reproduced in any of the other three studies. The first two images in the top row of figure 3 are slices 4 and 6 from the second axial study and show similar, though not identical, areas activating in the temporal lobe. The last three images in the top row of figure 3 are slices 6, 8 and 10 from the coronal study and show activations which have a strong anatomical correlation with those already noted in the axial studies. The second row of figure 3 shows the results from the final oblique axial 20-slice study showing contiguous activation over five slices in the same area of the left temporal lobe that was localized by the first three studies.
In the first three studies, no activation was observed on the odd-numbered slices. The slices were acquired in an interleaved manner, with the odd-numbered slices being taken first. Given the delay between EEG spike and EPI in these three studies (2.23 s) it is probable that the odd-numbered slices were acquired too soon after the spike to properly sample the haemodynamic response (Lassen and Kanno 1997) . The final 20-slice study, with a delay time more suitable for sampling the haemodynamic response function (HRF), had contiguous activation over five slices in the same area of the left temporal lobe that was localized by the first three studies.
Discussion
The technique described offers the exciting possibility of combining the high temporal resolution data from EEG with the high spatial resolution of fMRI data to localize areas of epileptic activity in the brain. However, there are drawbacks with the current implementation which need to be addressed. The presence of artefacts induced by the MRI on the EEG recordings constrained the experimental set-up such that EEG and MRI data had to be acquired concurrently rather than simultaneously. This led to an inefficient mode of MRI acquisition whereby, typically, up to 10 or 15 s were used to identify an EEG event, 5 s were used to gather MRI data, and a further 15 s dead-time were required to allow the NMR spins to return to equilibrium. This can be contrasted with the hypothetical case where a patient with spikes and rests of approximately equal frequency could be scanned with simultaneous EEG-MRI at four or five times the rate of MRI data acquisition. We intend to examine methods of implementing simultaneous EEG-MRI acquisition (Jesmanowicz et al 1998) to reduce scan time and increase signal/noise.
The long scanning time of our current experiment and the bright CSF signal place unusual demands on the registration program, as typical patient movements over the scanning time were observed to be much larger (e.g. of the order of 5 mm) than is commonly encountered in other functional paradigms. Furthermore, for the first three studies the dead time of 8 s following the EPI acquisition was too short to allow the full return of the NMR spins to equilibrium in regions of the brain with a long T1; while a spike could often be detected and an acquisition triggered from it almost immediately following the previous dead time, detection of a rest necessarily entailed an additional 10 s dead time. The small difference in signal intensity between the partially relaxed CSF on some of the spike images (minimum effective TR 12 s) and the near fully relaxed CSF on the rest images (minimum effective TR 22 s) tended to make some areas of CSF correlate with the spikes. This can be seen clearly in the final image in figure 3 where the CSF in both ventricles appeared to be activated.
Our experiment only sampled the haemodynamic response curve once. Superior scanner performance or a decrease in spatial coverage would allow the HRF to be sampled at several points and allow the study of the time course of the activating areas. This would allow us to investigate the significance of variations in haemodynamic response in various parts of the brain and between controls and patients (Aguirre et al 1998) .
The signal/noise ratio and quality of the MR images was sufficient to perform these studies. However, the electrode artefacts could sometimes obscure portions of the cortex and degrade the fMRI results. An example of this was seen in the second study where an electrode placed close to the epileptiform area reduced the size of the activation seen from that area (figure 3, top row, second image) such that a portion which of it which was visible following the t-test (data from intermediate image not shown) was removed by the subsequent clustering. Furthermore, variations in electrode placement between studies would also affect the fMRI results, reducing their reproducibility. A possible example of this can be seen by comparing the activation in slice 6 between the first and second studies. The activation in the second study (figure 3, top row, second image) is more posterior than that of the first study (figure 2, bottom row, first image). The location of the electrodes in each study can be deduced by the position of the EEG artefact in the images: in figure 2 on slice 6, two artefacts intrude into the cortex either side of the activation. In figure 3 , there is one larger artefact that is slightly more anterior. We suggest that the two activations observed can be considered to be two remnants of a larger activation that was degraded by the EEG artefact. We are currently investigating alternative EEG components to minimize their artefacts on the echo-planar images and expect that the reproducibility of our fMRI results might increase when we find suitable components with minimal artefacts. This work started with three studies using high-resolution fMRI of part of the brain, and finished with a whole brain fMRI exam of lower resolution, an approach that may appear counter-intuitive. However, the motivation behind the earlier studies was to attempt to obtain a positive result in the region indicated by EEG localization (the left temporal lobe). Once this aim had been achieved reproducibly a more suitable whole-brain study was performed which not only confirmed the results of the earlier studies but also had no significant false positive activations outside the area indicated by the EEG. Using this latter fMRI acquisition we are now pursuing a study of a large number of patients where the EEG localization is not always so unequivocal.
Conclusion
We have shown that focal interictal epileptiform activity can be studied by interictal EEG-triggered fMRI, and that the areas involved in the brain can be localized reproducibly. While the current method of acquisition is not optimum, biologically relevant activations can be detected with careful thresholding and clustering techniques and by repeated studies. Despite the current methodological problems, EEG-triggered fMRI is a promising tool for the study of brain activation associated with subclinical events with high spatial and temporal resolution. Possible applications of EEG-triggered fMRI include surgical planning and the elucidation of the pathways of seizure spread, as well as investigation of other EEG phenomena, such as sleep spindles and evoked responses.
